Reports suggest that excessive ceramide accumulation in mitochondria is required to initiate the intrinsic apoptotic pathway and subsequent cell death, but how ceramide accumulates is unclear. Here we report that liver mitochondria exhibit ceramide formation from sphingosine and palmitoyl-CoA and from sphingosine and palmitate. Importantly, this activity was markedly decreased in liver from neutral ceramidase (NCDase)-deficient mice. Moreover, the levels of ceramide were dissimilar in liver mitochondria of WT and NCDase KO mice. These results suggest that NCDase is a key participant of ceramide formation in liver mitochondria. We also report that highly purified liver mitochondria have ceramidase, reverse ceramidase, and thioesterase activities. Increased accessibility of palmitoyl-CoA to the mitochondrial matrix with the pore-forming peptide zervamicin IIB resulted in 2-fold increases in palmitoyl-CoA hydrolysis by thioesterase. This increased hydrolysis was accompanied by an increase in ceramide formation, demonstrating that both outer membrane and matrix localized thioesterases can regulate ceramide formation. Also, ceramide formation might occur both in the outer mitochondrial membrane and in the mitochondrial matrix, suggesting the existence of distinct ceramide pools. Taken together, these results suggest that the reverse activity of NCDase contributes to sphingolipid homeostasis in this organelle in vivo.
INTRODUCTION
In recent years, the sphingolipid ceramide (1) has gained appreciation as a bioactive lipid which modulates apoptotic/necrotic cellular processes (2, 3) . Although increased ceramide at the plasma membrane can amplify a primary death signal by clustering receptors in ceramide-rich platforms (4) or indirectly change the ratio/activity of proapoptotic/antiapoptotic members of BCL-2 family proteins at the outer mitochondrial membrane (reviewed in (5)), evidence also suggests a direct action of ceramide on mitochondria.
Specifically, the selective hydrolysis of mitochondrial sphingomyelin to ceramide by the targeting of bacterial sphingomyelinase to mitochondria results in apoptosis (6) . These studies underscore the physiological significance of the mitochondrial ceramide and sphingomyelin pools (7) (8) (9) (10) (11) (12) . Functionally, ceramides directly suppress respiratory chain activity (13, 14) , which is followed by a burst of ROS production (15) ; modulate PTP activity (16) (17) (18) (19) (20) (21) ; and permeabilize the mitochondrial outer membrane for cytochrome c acting alone (14, (22) (23) (24) (25) , or in cooperation with Bax (26, 27) . Moreover, many paradigms of cell death triggered by TNF-α (15, 28) , Fas-ligation (29) , ischemia/reperfusion (30, 31) , etoposide (9) , UV (9) and ionizing radiation (29, 32, 33) are associated with the increase in mitochondrial ceramide, suggesting that this might be a general phenomenon. Given these intimate and direct connections between ceramide and mitochondria, understanding the source and metabolism of ceramides in these organelles is key with respect to basic biology and clinical applications.
Two possibilities may account for ceramide increases in mitochondria. First, ceramide preformed in the ER can be transferred to mitochondria by catalyzed exchange via membrane contacts (34) . In contrast, mitochondria could be a specialized compartment of sphingolipid metabolism with their own subset of biosynthetic and degradative enzymes. Recent studies identified two novel sphingomyelinases, which hydrolyze sphingomyelin to ceramide, and phosphocholine in mitochondria from zebrafish (10) and mouse tissues (35) . Notably, in yeast, the mammalian neutral sphingomyelinase ortholog Isc1p associates with mitochondria in the postdiauxic phase of yeast growth and regulates mitochondrial sphingolipid metabolism (36,37). Ceramide synthase (CerS), which condenses (dihydro)sphingosine with acyl-CoA to form ceramide, has been partially purified from bovine liver mitochondria-enriched fractions (38) . Ceramide synthase activity was confirmed in highly purified rat liver mitochondria (39) ; however, the mechanism behind this activity is unclear because of the decreased (or opposing) sensitivity of the reaction to fumonisin B1, which inhibits conventional ER CerS's (40) . A recent report described association of several CerS isoforms, including CerS1, CerS2, and CerS6, with purified mouse brain mitochondria (30) . No such association was found in HeLa cells (33) , suggesting that this might be a cell type/tissue specific event.
On the catabolic side of ceramide metabolism, ceramidases (CDase) catalyze the cleavage of the N-acyl linkage of ceramide to generate sphingosine and FFA (41) . A conventional view suggests that ceramide content is balanced by ceramide producing (CerS's and sphingomyelinases) and ceramide degrading (CDase's) enzyme activities (1) . Intriguingly, purified neutral CDase (NCDase) catalyzes both the hydrolysis and synthesis of ceramide (42, 43) . In contrast to CerS activity, this later reaction is CoA-independent and fumonisin B1-insensitive. Reverse CDase activity in rat liver mitochondria at neutral pH has been described (39) ; however, this pathway and the enzyme involved have not been defined. Also, the originally proposed localization of overexpressed human NCDase in mitochondria (44) is being re-examined (45) . Here we report that highly purified rat/mice liver mitochondria have ceramidase, reverse ceramidase, and thioesterase (which hydrolyzes palmitoyl-CoA to CoA and fatty acid) activities. Moreover, mitochondria from NCDase-deficient mice have significantly decreased formation of ceramide from sphingosine and palmitoyl-CoA (or palmitate) compared to mitochondria from WT mice, indicating that NCDase participates in ceramide formation in liver mitochondria, and that ceramide formation may occur from sphingosine and palmitoyl-CoA from coupled activities of a mitochondrial thioesterase and NCDase catalyzing the reverse reaction.
Kidney Diseases, NIH). Antibodies against VDAC (mitochondrial marker) were supplied by EMD Chemicals (Gibbstown, NJ). Rat and mouse VDAC was assessed using Anti-Porin (Ab-5) Rabbit pAb (#PC548), and Anti-VDAC1 Rabbit pAb (#AP1059), accordingly. The rabbit polyclonal anti-LAMP-2 (lysosomal marker), mouse monoclonal anti-alpha 1 subunit of the sodium/potassium ATPase (plasma membrane marker) and the rabbit polyclonal anti-calnexin (ER marker) antibodies were purchased from Abcam (Cambridge, MA). Secondary horseradish peroxidase-conjugated antibodies were supplied by Jackson ImmunoResearch Laboratories Inc. (West Grove, PA).
Preparation of mitochondria from mouse and rat liver. Liver mitochondria were isolated and purified as described in (49, 50) with some modifications. Briefly, livers from two rats (or 5 mice) were homogenized in isolation medium containing 250 mM mannitol, 1 mM EDTA, 0.1% BSA (w/v, essentially fatty acid free) and 10 mM HEPES (pH 7.4 adjusted by KOH). Homogenization was performed in a motor-driven Potter-Elvehjem homogenizer using 8 up-anddown strokes of the pestle, with rotations of 800 rpm. Homogenate was centrifuged at 600 x g max for 5 min in a Sorvall SA-600 rotor to pellet the nucleus and unbroken cells. Pellet was discarded, and supernatant was centrifuged once more at 600 x g max for 5 min. To pellet mitochondria, supernatant from the previous step was centrifuged at 9,300 x g max for 10 min in a Sorvall SA-600 rotor. The mitochondrial pellet was suspended in isolation medium and centrifuged at 9,300 x g max for 10 min once more. The resulting pellet was suspended in 4 ml (rats), or 2 ml (mice) of isolation medium and loaded by 2-3 ml atop 20 ml 30% (v/v) Percoll PLUS in 225 mM mannitol, 1 mM EDTA, 0.1 BSA (w/v), and 25 mM HEPES (pH 7.4 adjusted by KOH). The gradient was centrifuged for 30 min at 95,000 x g max in a Beckman Ti 50.2 rotor. The mitochondrial band was collected from the lower part of the gradient, suspended in isolation buffer without BSA, and spun for 10 min at 6,300 x g max in a Sorvall SA-600 rotor. This step was repeated once more. The mitochondrial pellet from the last centrifugation was suspended in a minimal volume of isolation buffer without BSA Preparation of microsomes from rat liver. Microsomes were isolated according the Hovius et al. (49) from the supernatant of the first crude mitochondrial pellet (see above). Supernatant was centrifuged at 27,000 x g max for 10 min in a Sorvall SA-600 rotor. Microsomes were pelleted from the resulting supernatant by centrifugation at 105,000 x g max for 1h in a Beckman Ti 50.2 rotor. The pellet was resuspended in isolation buffer without BSA.
Protein determination.
Microsomal and mitochondrial protein concentration was quantified with a Bicinchoninic acid assay kit (Pierce, Rockford, IL) using BSA as a standard.
Cytochrome c Reductase assay.
Eukaryotic NADPH-Cytochrome c reductase is a marker of the endoplasmic reticulum. This activity in mitochondria and microsomes was assayed as described by the manufacture by a Cytochrome c Reductase (NADPH) Assay Kit (Sigma, St.Louis, MO; #CY0100) with slight modifications. Briefly, 50 µg of mitochondria, or microsomes were added to 1ml of working solution consisting of 300 mM potassium phosphate buffer (pH 7.8), 50 µM cytochrome c, 1mM potassium cyanide, and 1 µg antimycin A at 25 0 C. After recording the base line absorbance at 550 nm, the reaction was started by addition of 100 µM of NADPH. The rate of cytochrome c reduction was calculated using extinction coefficient 21.1 mM -1 Cm -1 )
Mitochondrial incubation medium. Unless otherwise specified, incubations of isolated mitochondria were conducted at 37 0 C, using 1 mg/ml of protein in a medium containing 250 mM sucrose, 5 µM rotenone , and 10 mM HEPES (pH 7.4 adjusted by KOH). Incubations were conducted in a water-jacketed cell equipped with magnetic stirring.
Lipid delivery. 17C-sphingosine, palmitate and urea-C 6 ceramide were delivered to the mitochondrial suspension as an ethanol solutions (final concentration <1%). Delivery of sphingosine and palmitate as a complex with BSA as described in (51,52), does not provide a substantial increase in the rate of ceramide production compared to ethanol delivery under our experimental conditions (results not shown).
Measurement of mitochondrial permeabilization.
Inner membrane permeabilization was assayed by by guest on October 1, 2017 http://www.jbc.org/ Downloaded from measurements of mitochondrial swelling. Mitochondrial swelling was measured by changes in absorbance at 520 nm using a Brinkmann PC 900 probe colorimeter and a fiber optic probe.
Measurement of mitochondrial thioesterase activity. Palmitoyl-CoA hydrolase activity of mitochondria (0.5 mg/ml) was measured by release of thiol groups (CoA) (53) in mitochondrial incubation medium supplemented with 300 µM of 5,5'-dithiobis-(2-nitrobenzoic acid), DTNB at 37 0 C. Formation of thiol groups was monitored at 412 nm in a Perkin-Elmer split beam spectrophotometer. Reaction was initiated after 5 min pre-incubation (with/without zervamicin IIB) by addition of palmitoyl-CoA to the sample cuvette. The amount of thiol released was calculated using the molar absorption coefficient ε 412 =13,600 M -1 Cm -1 (54). The amount of thiols released calculated from absorbance changes in the presence of DTNB were corrected for changes in light scattering induced palmitoylCoA by control runs in the absence of DTNB.
Western blot analysis. Mitochondria or tissue samples were lysed in a buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 1mM Na 3 VO 4 , and 10 mM NaF, supplemented with a protease inhibitor cocktail (Roche, Indianapolis, NI). After 1h on ice, lysates were centrifuged at 15,000 x g for 10 min to remove insoluble material. Protein samples were then prepared by boiling lysates in reducing SDSsample buffer. Thirty µg of total proteins from each lysate was loaded onto 4-20% gradient SDS polyacrylamide gels, subjected to electrophoresis, and then transferred to polyvinylidene difluoride membranes, and blocked with 5% nonfat dry milk in TBS-T buffer (10 mM Tris, 150 mM NaCl, and 0.2% Tween 20, pH 8.0) overnight at 4 0 C. The blots were subsequently probed with appropriate primary antibodies, followed by horseradish peroxidase-labeled secondary antibody. Immunoreactive bands were visualized using n ECL chemiluminescence kit (Pierce, Rockford, IL). Where indicated Western blots were quantified using Quantity One software (Bio-Rad).
Ceramide synthase activity assay. Ceramide synthase activity was monitored by the formation of ceramide from sphingosine and palmitoyl-CoA, or palmitate. To enhance the sensitivity of the assay, we employed a novel synthetic 17C-shingosine instead of natural 18C-sphingosine as a substrate (55), and 17C 16:0 -ceramide formed in the reaction was measured using tandem MS (56) . Mitochondria were incubated with/without inhibitors for 5 min in mitochondrial incubation medium, and ceramide formation was initiated by addition of substrates, and allowed to progress for 15 min (unless otherwise stated in the text). The reaction was terminated, and ceramides were extracted by addition of 0.5 ml of the sample to 2 ml of the ethyl acetate/iso-propanol/water (60:30:10%, v/v/v) solvent system. The lipid extracts were fortified with internal standards, dried under a stream of nitrogen gas, and reconstituted in 100 µl of methanol for ESI-MS/MS analysis of ceramides which was performed on a Thermo Finnigan TSQ 7000 triple quadrupole mass spectrometer, operating in a multiple reaction-monitoring, positive-ionization mode.
The samples were injected onto the HP1100/TSQ 7000 liquid chromatography/MS system and gradient-eluted from the BDS Hypersil C8, 150 x 3.2-mm, 3-µm particle size column, with a 1.0 mM methanolic ammonium formate, 2 mM aqueous ammonium formate mobile-phase system. The peaks for the target analytes and internal standards were collected and processed with the Xcalibur software system. Calibration curves were constructed by plotting peak area ratios of synthetic standards, representing each target analyte, to the corresponding internal standard. The target analyte peak area ratios from the samples were similarly normalized to their respective internal standard and compared with the calibration curves using a linear regression model.
Ceramidase activity assay. Enzyme activity was measured using detergent/lipid mixed micelles assay (57) with d-erythro-C 12 -NBD-ceramide (58) as a substrate with some modifications (59) . An aliquot of liver mitochondria from WT C57BL/6 mice, NCDase knockout mice, or rat, were prepared as previously described and 25 µg protein was subjected NCDase activity assays. The activity was measured using detergent/lipid mixed micelles with d-erythro-C 12 -NBD-ceramide as a substrate at a concentration of 50 µM or 1.08 mol% in a 100 mM Tris-HCl buffer (pH 7.4), containing 0.3% (w/v) Triton X-100 final concentration, with a total volume of 100 µl. The reaction mixture was incubated at 37 0 C for 1 h. The reaction was terminated by the addition of 300 µl chloroform/methanol (1:1, v/v), and the organic phase was spotted on TLC plate, which was then developed with chloroform/methanol/25% ammonia (90:20:0.5, v/v/v). Conversion of NBD-C 12 -ceramide to NBD-dodecanoic acid was detected by spotting the organic phase on a TLC plate. Fluorescent-labeled products were analyzed and quantified with a PhosphorImager (Storm 860) system. Results were quantified by densitometric analysis using ImageQuant software.
Statistical analysis.
Where indicated, values were expressed as the mean value of the treatment groups ± SD. Data were analyzed for statistically significant differences between groups using the 2-tailed Student's t-test. Statistical significance was ascribed to the data when p<0.05.
RESULTS
Mitochondria form ceramide from sphingosine and palmitoyl-CoA at isotonic conditions. Rat liver mitochondria were isolated by differential and Percoll gradient centrifugation according to Hovius et al. (49) , and had negligible contamination with the major cellular membrane compartments as assessed by Western blot using antibodies against plasma membrane marker protein (Na + , K + ATPase), lysosomes (LAMP-2), and endoplasmic reticulum (calnexin) (Fig. 1 , panel A). The outer mitochondrial membrane marker VDAC was enriched in the mitochondrial fraction 4-5 times as compared to homogenate. ER marker enzyme activity NAHPH:cytochrome c reductase was decreased from 223.±4.9 (ER) to 8.8±0.3 (mitochondria, n=3) nmol/min/mg protein, indicating that these mitochondrial protein fractions contain ~4% of ER proteins. This is in accord with the 4.3% contamination reported for the isolation method employed in the original study (49) . Mitochondrial preparations from mouse liver were of similar quality with respect to contamination ( Fig. 1, panel B) .
It was previously reported that osmotically lysed (in 25 mM potassium phosphate buffer), purified rat liver mitochondria form ceramide from sphingosine and palmitoyl-CoA in a FB1-insensitive manner (39) , and this activity was attributed to the presence of mitochondria-specific CerS. We assessed mitochondrial ceramide formation at isotonic conditions (~300 mOsM), when the intactness of the mitochondrial inner and outer membranes are preserved, and observed that they readily form ceramide from sphingosine and palmitoyl-CoA. In these experiments, we utilized sphingosine and palmitoyl-CoA at 15 and 50 µM, respectively, concentrations optimal for CerS activity measurements in the ER (60) . Ceramide formation versus protein concentration showed near linear dependence in the range of 0-0.25mg/ml and then plateaued in the range 0.8-1mg/ml (Fig. 2, panel A) . However, utilization of mitochondria in the low concentration range is questionable because at the conditions employed, sphingosine induces decreases in mitochondrial absorbance (indicative of mitochondrial lysis/swelling) at protein values up to 0.4 mg/ml ( Fig. 2, panel B ). This might produce artifacts related to solubilization of membrane-bound enzymes. Thus, we utilized mitochondria at 1 mg/ml. Although, some responses due to effects on Vmax in the nonlinear range might be missed under these conditions, we prefer these conditions in the light of preserved mitochondrial integrity. At a mitochondrial protein concentration of 1 mg/ml, 50 µM palmitoyl-CoA did not affect mitochondrial integrity under our experimental conditions; however, higher concentrations resulted in progressive mitochondrial destabilization. At 1 mg protein/ml, the reaction rate was linear within 15 min (Fig. 2 , panel C). These conditions were chosen for further experiments. Importantly, mitochondrial lysis by Triton-X100 resulted in a considerable increase in ceramide synthesis within the mitochondrial protein concentration range of 0.75-1 mg/ml. Such an increase might indicate either stimulation of enzyme activity by detergent, or exposure of latent ceramide synthase activity of the mitochondrial matrix, an issue addressed in subsequent experiments. Stimulation of ceramide synthase activity by Triton-X100 is unusual because, in yeast, this detergent suppresses CerS activity of the ER (61) . In rat liver ER, membrane solubilization by high concentration of palmitoylCoA was suggested to be responsible for inhibition of CerS activity (60) . We therefore investigated other potential mechanisms of ceramide production in liver mitochondria.
Inhibitor of neutral ceramidase suppresses ceramide formation from sphingosine and palmitoyl-CoA. To asses which enzyme of ceramide metabolism is involved in mitochondrial ceramide formation, we tested inhibitors of ceramidases and a selective inhibitor of conventional ER CerS, FB1. Urea-ceramides are competitive inhibitors of neutral ceramidase (62) . Fig. 3 shows that urea-C 6 ceramide substantially (46%) suppressed ceramide formation at 50 µM. Further increases in urea-C 6 -ceramide concentrations did not result in increased inhibition, presumably because of poor compound solubility in aqueous solutions. Inhibitors of alkaline ceramidase D-MAPP (20 µM) (63) and acid ceramidase N-oleoylethanolamine (100 µM) (64) failed to inhibit ceramide formation. The CerS inhibitor in the ER, FB1, at concentrations that maximally suppresses CerS activity (50 µM) (43) also had no effect, confirming the original observation of Bionda et al. (39) . Thus, NCDase may contribute not only to ceramide cleavage, but also to mitochondrial ceramide production.
Inhibitors of mitochondrial thioesterases suppress ceramide formation from sphingosine and palmitoyl-CoA. Ceramide synthesis by reverse ceramidase activity normally proceeds with free fatty acid and not fatty acyl-CoA. Mitochondrial thioesterases, however, can hydrolyze acyl-CoA's to CoA and free fatty acid, and therefore, could potentially lead to generation of substrate for reverse ceramidase activity. We, therefore, tested a set of mitochondrial thioesterase inhibitors on ceramide production using our experimental conditions. Nordihidroquaiaretic acid (NDGA), an inhibitor of purified mitochondrial thioesterase Acot2 (MTE-I) (65), suppressed ceramide formation by 40% at 100 µM (Fig. 4) . Similarly, another inhibitor of purified Acot2, pchloromercuribenzoic acid (pCMB) (66) at 40 µM suppressed ceramide formation by 47%. Further increases in NDGA or pCMB concentrations induced progressive destabilization of mitochondrial membranes. It has also been reported that Mn 2+ and Ni 2+ suppress activity of partially purified mitochondrial thioesterase (67), (68) . In our experiments, Mn 2+ and Ni 2+ employed at 1.5 mM decreased ceramide formation by 58 and 95%, respectively (Fig.4) . These data suggest that coupled activities of neutral ceramidase and thioesterase are essential for ceramide formation from sphingosine and palmitoyl-CoA by rat liver mitochondria.
NCDase is present in purified mitochondrial fraction from rat liver and mouse. To determine definitely whether purified mitochondria contain NCDase, we measured hydrolysis by mitochondria of D-erythro-C 12 -NBD-ceramide as a substrate. Fig. 5 , panel A demonstrates the presence of ceramidase activity in mitochondria both from WT mouse and rat at neutral pH. Ceramidase activity of rat liver mitochondria was 45% less than activity found in WT mouse liver mitochondria. Mitochondria from NCDase KO mouse had negligible activity. Western blot analysis of mitochondrial fractions confirmed the presence of NCDase in the WT mouse and rat mitochondria (Fig. 5, panel B) . At the same time, ceramidase was virtually absent in NCD KO mouse mitochondria. These data prove the presence of neutral ceramidase in liver mitochondria and suggest that this enzyme is a major carrier of mitochondrial ceramidase activity at neutral pH.
Rat liver mitochondria produce ceramide by a reverse ceramidase reaction. The only feasible method of ceramide formation with the participation of ceramidase is via reverse ceramidase activity, e.g. formation of ceramide from sphingosine and FFA. Indeed, such an activity was shown for the purified neutral ceramidase from liver (42) and brain (43) in a Triton X-100 mixed micelle assay. Importantly, ceramidase did not catalyze fatty acid transfer from acyl-CoA. Because purification of the membrane resident enzyme and utilization of detergent may produce artifacts in substrate specificity, we tested whether intact mitochondria can produce ceramide via the reverse ceramidase reaction with sphingosine and palmitate used as substrates. Fig 6, panel A shows that mitochondria produce ceramide from palmitate in a dosedependant manner, and the rate of ceramide formation is comparable to that observed in the presence of palmitoyl-CoA. Ceramide formation from palmitate and sphingosine was FB1 insensitive (Fig. 6, panel B. ), a finding in agreement with previously reported data for purified neutral ceramidase (43) .
Knock out of NCDase suppresses liver mitochondria ceramide formation. NCDase KO mice have a normal life span and do not show obvious abnormalities (46) . To establish the involvement of NCDase in mitochondrial ceramide formation from sphingosine and palmitoyl-CoA/or palmitate, we studied liver mitochondria from NCDase KO mice. Ceramide formation in KO mouse liver mitochondria was substantially suppressed both at the basal level (sphingosine alone, Fig. 7, panel A and B, 75 -78%, respectively) and in the presence of palmitoyl-CoA (Fig. 7, panel A, 84.7% ), or palmitate (Fig. 7, panel B, 74.2%) . Moreover, analysis of ceramide species in these KO mice liver mitochondria revealed a decrease in total ceramide, and of certain ceramide subspecies (Fig.  S1 ). These data strongly suggest that NCDase may have a role in mitochondrial ceramide production and may contribute to the overall ceramide profile of liver mitochondria at basal conditions in vivo.
Purified mitochondria have an active palmitoylCoA hydrolytic activity. NCDase does not utilize palmitoyl-CoA in a reverse reaction (42, 43) , so we postulated that the initial step is the hydrolysis of palmitoyl-CoA by mitochondrial-resident thioesterase to form palmitate and CoA. To evaluate this, we measured thioesterase activity using DTNB to trap CoA liberated from hydrolysis of palmitoyl-CoA. Addition of palmitoyl-CoA to mitochondria induced release of CoA and hence palmitate (Fig 8, trace 2) . Because palmitoyl-CoA is impermeable for the mitochondrial inner membrane, hydrolysis of palmitoyl-CoA reflects operation of thioesterase attached to the outer membrane, or the enzyme trapped in intermembrane space. To asses the potential contribution of matrix thioesterase to mitochondrial palmitate production, we permeabilized the inner membrane by the poreforming peptide, zervamicin IIB (47) . Addition of zervamicin IIB (Fig. 8, trace 1 vs 2) increased the rate of palmitoyl-CoA hydrolysis by 2-fold (from 6.4±0.2 to 14.7±0.03 nmol/min/mg protein, n=3), suggesting that, at defined conditions, matrix thioesterase can effectively contribute to the mitochondrial pool of FFA's. Thioesterase inhibitor NDGA at 100µM partially suppressed thioesterase activity (Fig.8, trace 3 vs 2) Permeabilization of the inner mitochondrial membrane increases ceramide production. To determine the potential contribution of the mitochondrial matrix thioesterase to ceramide formation, mitochondria were treated with zervamicin IIB in the presence of sphingosine and palmitoyl-CoA.
Zervamicin IIB treatment increased mitochondrial ceramide production by three-fold (Fig 9. panel A) , which coincided with increased hydrolysis of palmitoyl-CoA (Fig. 8 ) Evaluation of the absorbance of the mitochondrial suspension as an indicator of mitochondrial volume showed drastic mitochondrial swelling in the presence of zervamicin IIB (Fig 9. panel B) . This swelling originates from the entry into the mitochondrial matrix of sucrose which was used as an osmotic support. Increased ceramide production observed in the presence of zervamicin IIB might originate either from increased palmitate formation or from the stretching of the mitochondrial inner membrane, which in turn activates ceramidase. To exclude the later possibility, ceramide production was measured in a hypotonic medium (10 mM of HEPES, pH 7.4 adjusted by KOH). At these conditions, the mitochondrial inner membrane is completely unfolded (69) . As depicted in Fig. 9 , panel B, trace 2, mitochondrial absorbance at hypotonic conditions was similar to that observed with zervamicin IIB. Also, hypotonic conditions did not increase ceramide production similar to zervamicin IIB (Fig.9, panel A) . Therefore, the increased ceramide production in the presence of zervamicin IIB is likely due to acceleration of palmitoyl-CoA diffusion into the mitochondrial matrix. These results indicate that both cytosol accessible thioesterase, and enzyme localized in the mitochondrial matrix are potential sources of free palmitate, which can be subsequently utilized by ceramidase in a reverse reaction. This idea is in line with the ability of the thioesterase inhibitors to suppress ceramide production from sphingosine and palmitoyl-CoA (Fig. 4) .
DISCUSSION
Ceramide is considered to be the central hub of sphingolipid metabolism (1), a trigger of cell death pathways associated with mitochondrial dysfunction (2, 3, 5, 70, 71) . The prevailing paradigm depicts ceramidases as attenuating the levels of ceramide by decomposing it to sphingosine and FFA (41, 72, 73) . Contrary to this view, in the present study, we identified a novel by guest on October 1, 2017 http://www.jbc.org/ Downloaded from pathway of ceramide production in intact liver mitochondria from sphingosine and palmitoylCoA controlled by NCDase. This pathway is provided by the coupled activities of mitochondrial thioesterase, which hydrolyses palmitoyl-CoA to CoA and palmitate, and NCDase, which utilizes sphingosine and released palmitate in a reverse reaction to produce ceramide.
The presence of NCDase in liver mitochondria is a novel observation. Overexpressed in HEK293 cells, rat, and mouse NCDase's tagged with myc, or fused with GFP at the C-terminal are mainly localized to the plasma membrane, with additional redistribution in ER/Golgi compartments (45, 74) . It was reported that the human enzyme localizes exclusively in mitochondria when overexpressed as a GFP fusion protein in HEK293, or MCF7 cells (44) . However, this interpretation was questioned, and attributed to mislocalization of enzyme due to GFP fusion to the N-terminal (45) . Examination of subcellular redistribution of endogenous enzyme revealed its tissue-specific nature (75) . In rat kidney, NCDase was localized to the apical membranes of proximal tubules, distal tubules, and collecting ducts by confocal microscopy. By Percoll density gradient centrifugation of kidney membranes, NCDase was recovered in the fractions with a plasma membrane marker enzyme. In contrast, in liver hepatocytes, NCDase was redistributed across the cytoplasm as punctuate subcellular vesicles reminiscent of mitochondria, or lysosomes, with only partial co-localization with the marker for lysosomal/late endosomal compartments. By density centrifugation of total heavy membranes (20,000 x g/10 min post nuclei pellet), the liver enzyme was found in fractions with high β -galactosidase activity, a lysosome marker. However, because of similar buoyant densities of lysosomes and mitochondria, the presence of NCDase in mitochondria has not been excluded. This consideration suggests that NCDase might localize to multiple cellular compartments.
Liver mitochondrial preparations utilized in our experiments contain negligible contamination with lysosomes ( Fig. 1 ), yet display ceramidase activity at neutral pH (Fig. 5, panel A) , and the presence of NCDase as assessed by Western blot (Fig. 5, panel  B) . The stronger signal observed on Western blot with WT mouse liver mitochondria versus rat liver mitochondria might reflect more ceramidase present in this preparation. This interpretation coincides with lower ceramidase activity of rat liver mitochondrial fractions. However, different affinity of antibodies raised against the mouse enzyme can contribute to this phenomenon. Multiple ceramidase bands resolved in rat liver mitochondrial fraction might indicate some posttranslational modifications, such as a different degree of glycosylation (42) . Localization of NCDase in mitochondria shown in the present study agrees with the report of Bionda et al. regarding the presence of reverse ceramidase reaction in Triton X-100-lysed, highly purified mitochondria (39) . However, the magnitude of this reaction, relevance to intact mitochondria, and the carrier of this activity were not addressed.
Besides NCDase, acid-, and presumably alkaline ceramidases can catalyze reverse ceramidase reactions in mammalian cells (76, 77) . Our experiments suggest that intact liver mitochondria not only catalyze formation of ceramide from sphingosine and palmitate, but also this reaction is higher (rat mitochondria, Fig. 6A ), or comparable (mouse mitochondria, Fig. 7B ) to the formation of ceramide from sphingosine and palmitoyl-CoA, suggesting a physiological relevance. Moreover, the reverse reaction is drastically suppressed in mitochondria from NCDase-deficient mice, suggesting that NCDase is the primary carrier of this activity at neutral pH in liver mitochondria (Fig. 7B) . Remarkably, mitochondria from NCDase-deficient mice had 85% less activity in ceramide formation from sphingosine and palmitoyl-CoA compared to mitochondria from WT mice. Less pronounced suppression of ceramide production by the NCDase inhibitor urea-C 6 -ceramide (46%, Fig. 3) as compared to what is seen in NCDase KO mice could be related to poor solubility of this compound in aqueous solutions. Alternatively, this compound may only be a partial inhibitor of the reverse ceramidase activity as opposed to its inhibitory action of the ceramide hydrolytic activity. The lack of effect of the acid ceramidase inhibitor NOE, and the alkaline ceramidase inhibitor D-MAPP would likely exclude the contribution of the reverse ceramidase activity of these enzymes in ceramide production. With respect to the contribution of CerS to the remaining 15% of NCDase-unrelated ceramide production, the question is more complicated. In our experiments, mitochondrial ceramide production from sphingosine and palmitoyl-CoA had minimal sensitivity to the CerS inhibitor FB1 (Fig. 3) . However, resistance of C18-ceramide production to FB1 was observed in HEK-293T cells overexpressing CerS1 (78) . Overall, our data suggest that in liver mitochondrial fractions, ceramide appears to be generated to a significant degree by reverse NCDase activity.
Such control of ceramide formation by NCDase is unusual, because highly purified neutral ceramidases from the heavy membrane fraction of mouse liver (42) and rat brain (43) (150,000-and 20,000-fold purification, respectively) do not utilize acyl-CoA as a source of fatty acid in the reverse ceramidase reaction. However, earlier studies of Yavin and Gatt (79) provide evidence that partially purified (>200-fold) ceramidase from rat brain readily forms ceramide from oleyl-CoA, as well as from oleic acid. An investigation of this phenomenon revealed the presence of acyl-CoA hydrolyzing activity in ceramidase preparation, and the authors concluded that acyl-CoA's are not direct substrates for reverse ceramidase activity, but should be first decomposed to CoA and free fatty acid (FFA). Such co-purification of ceramidase and thioesterase activities, and their coupled operation in reverse ceramidase reaction with acyl-CoA as a substrate, suggested metabolic, and possibly physical, interaction between these two enzymes. We found that a similar type of functional coupling occurs in liver mitochondria in the time course of ceramide formation from sphingosine and palmitoyl-CoA. Indeed, ceramide formation was suppressed by both NCDase inhibitor urea-C 6 -ceramide, and the inhibitors of thioesterase ( Fig. 3 and 4) . Moreover, the presence of a partial reaction of this coupling was also demonstrated; e.g. hydrolysis of palmitoyl-CoA to CoA and palmitate (Fig. 8) , and the formation of ceramide with palmitate as a substrate (Fig. 6 and  7) .
The hydrolysis of the thioester bond within longchain acyl-CoA is catalyzed by a family of thioesterases (Acot's) (80, 81) , which balance intracellular levels of acyl-CoA's, fatty acids and CoA. Acot's are localized in major intracellular compartments including cytosol, ER, peroxisomes and mitochondria. From 13 members of the mammalian Acot family, four are associated with mitochondria; namely Acot2 (MTE-I), Acot9 (MTE-2), Acot10, and Acot13 (81) . Acot2 is thought to be localized preferentially in mitochondrial matrix (82), which is the major subcompartment of thioesterase activity in liver mitochondria (67) . However, part of the activity is redistributed to the intermembrane space and the outer membrane. Indeed, upregulation of ACOT2 is accompanied by the increased hydrolysis of palmitoyl-CoA, which is impermeable to the inner membrane (83) . Such dual redistribution of Acot's activity agrees with our data showing active palmitoyl-CoA hydrolysis by intact mitochondria (Fig. 8) , which can be doubled when permeability of the inner membrane is increased by the pore forming peptide zervamicin IIB allowing the passage of water soluble palmitoyl-CoA into the matrix space. Increased ceramide formation in the presence of zervamicin IIB strongly suggests that both cytosolic and mitochondrial matrix pools of palmitoyl-CoA can serve as a source of palmitate for reverse ceramidase, and that upregulation of mitochondrial Acot's might be a regulatory event for this reaction. Indeed, diabetes or peroxisome proliferators upregulate Acot2, which is matched by several-fold increase in FFA export from mitochondria (83, 84) . At the same time, the increase in ceramide production as a result of zervamicin IIB-facilitated diffusion of palmitoylCoA into the matrix can also potentially indicate the presence of NCDase in the matrix space. The spatial requirements for metabolic coupling between the NCDase and the thioesterase remains unknown. As mentioned above, available data support dual localization of thioesterase activity both in the mitochondrial matrix (palmitoyl-CoA inaccessible pool) and in the intermembrane space (palmitoyl-CoA accessible pool). Our unpublished data suggest that NCDase resides preferentially in the intermembrane space. It implies that NCDase and part of thioesterases are localized in the same compartment. However, partial localization of NCDase to the matrix space, together with Acot2 is not excluded. Moreover, considering two abovementioned partial reaction of ceramide production (thioesterase and reverse ceramidase activities) with FFA as an intermediate, it is not necessary that NCDase and thioesterase be localized in the same compartment. This is because FFA's undergo fast diffusion (flip-flop) across lipid bilayer membranes (85, 86) . It is possible, for example, that FFA produced by thioesterase in the matrix space could be readily accessible to NCDase in the intermembrane space. This also implies that there is no need for physical interaction of these enzymes because of the fast lateral and transverse diffusion of FFA. However, it does not exclude some local (microdomain) coupling. The coupling of reverse ceramidase and thioesterase activities is of particular interest in a physiological context. In the cytoplasm, the concentration and the amount of FFA are highly buffered. In isolated hepatocytes, no FFA accumulation in the cytoplasm can be detected despite the increased uptake caused by FFA elevation in the medium (87) . This is attributed to immediate activation of FFA to acyl-CoA's with the subsequent incorporation into phospholipids, triglycerides, or utilization in β -oxidation in mitochondria or peroxisomes. It seems, then, that the acyl-CoA (free, or as a complex with acylCoA binding protein, ACBP (88)), is a transportable form of fatty acids, and thioesterases can locally raise the concentration of FFA, possibly for delivery to specific reactions. Such a mechanism was shown to operate in hormoneinduced steroidogenesis, when arachidonic acid (AA) released by phospholipase A2 from plasma membrane phospholipids or cholesterol esters should be first re-esterified to AA-CoA by acylCoA synthase 4, and than finally presented for subsequent metabolism as FFA after AA-CoA hydrolysis by mitochondrial Acot2 (65, 89, 90) . This underscores the importance of compartmentspecific coupled operation of mitochondrial reverse ceramidase and thioesterase reactions observed in our study.
In the context of apoptosis, the interplay between acyl-CoA producing reactions and acyl-CoA consumption in mitochondrial β-oxidation may represent another point of metabolic regulation of ceramide formation. In permeabilized hepatocytes, the pro-apoptotic molecule tBid suppresses mitochondrial carnitine palmitoyltransferase-1 (CPT-1) (91), an enzyme involved in the passage of fatty acids to the mitochondrial matrix. This suppression resulted in accumulation of palmitoylCoA outside the mitochondria, which could affect ceramide synthesis. Indeed, inhibition of CPT-1 in intact cells by etomoxir enhanced ceramide production and augmented palmitate-induced apoptosis (92) . An interesting idea is that in the time course of apoptosis a tBid-induced local raise in palmitoyl-CoA in the mitochondria produces ceramide via thioesterase and reverse ceramidase, which, in turn potentiates insertion of Bax in to the outer membrane.
Despite convincing evidence as to the ability of purified ceramidases, or mitochondria resident ceramidase (our studies), to catalyze a reverse reaction, little is known regarding its physiological significance. Recent published work from our group suggests that the reverse activity of alkaline ceramidases 1 and 2 may be involved in a compensatory mechanism to sustain long-chain ceramides after down-regulation of CerS2 in SMS-KCNR neuroblastoma and MCF-7 breast cancer cells (77) . Similarly, in the yeast S. cerevisiae, sphingolipid reduction by inactivation of ER CerS (lag1Δlac1Δ deletion strain) can be corrected by overexpression of ceramidases (93) . In our experiments, knock-out of NCDase substantially changed the ceramide profile of mouse liver mitochondria (Fig. S1) . Two major ceramides, C 22 -and C 24 -, were decreased by 55 and 38%, respectively. Although the amount of some ceramides was not changed (C 24:1 -, C 14 -, C 20:1 -, C 26:1 -), or increased (C 18 -, C 18:1 -, C 20:4 -), the overall result of these changes translated to a 25% decrease of total ceramide. The particular changes of the ceramide profile in mitochondria of NCDase KO mice might be of physiological adaptive importance, but this role remains to be established. The lack of changes in sphingoid bases might indicate their increased utilization by the sequence of the reactions catalyzed by sphingosine kinase and sphingosine-1-phosphate lyase.
As for substrate specificity of the reverse ceramidase activity of NCDase, in a Triton X-100/FFA mixed micelle assay, purified NCDase from rat brain showed V max values in descending order from myristate (C14:0) to lignocerate (C24:0), while K m values were all comparable (43) . Thus, catalytic efficiency (V max /K m ) was highest with myristate (highest synthesis rate), and lowest with lignocerate. The difference in the ceramide profile of NCDase KO mice observed in our study, from the above results with purified enzyme indicate that more complex regulatory mechanisms are likely involved in vivo. These may include: a) the difference in substrate specificity of the thioesterase which provides FFA for further metabolism (80) , as compared to the substrate specificity of NCDase, b) availability of the particular type of acyl-CoA's in the cytoplasm for mitochondrial thioesterase, c) activation of compensatory mechanisms, such as activation/ increased expression of other ceramide producing enzymes, when one of them is down regulated (77, 94) , or increase of ceramide transfer from ER to mitochondria (33, 34, 95) . All these mechanisms could potentially shape the ceramide profile of mitochondria after NCDase knock out. The 25% decrease of total ceramide in mitochondria from NCDase KO mice should be considered as the lower estimate of the contribution of the reverse ceramidase reaction to the mitochondrial ceramide pool because of the possibility of compensatory responses. Overall, it is evident that the reverse ceramidase reaction catalyzed by NCDase contributes to the ceramide steady state of liver mitochondria in vivo.
In summary, these studies suggest that NCDase is a key participant of ceramide formation from sphingosine and acyl-CoA in liver mitochondria. We provide evidence that the reaction occurs in two steps. First, palmitoyl-CoA is hydrolyzed by mitochondria by thioesterase to palmitate and CoA, and the NCDase condenses palmitate and sphingosine to form ceramide in a reverse ceramidase reaction. This ceramide formation pathway seems to be predominant in isolated liver mitochondria at basal conditions compared to the reaction catalyzed by mitochondrial CerS's, and can contribute to establishing the ceramide profile of liver mitochondria in vivo. The presence of dissimilar pathways of ceramide formation in mitochondria vs the ER indicate that these compartments may represent distinct units of cellular metabolic control. Mitochondria (1 mg/ml) were incubated as described in "Experimental Procedures" in the presence of 50 µM palmitoyl-CoA and 15 µM sphingosine for 15 min before the reaction was terminated by addition of ethyl acetate/iso-propanol extraction mixture. Where indicated, NDGA (100 µM), pCMB (40 µM), MnCl 2 (1.5 mM), and NiCl 2 (1.5 mM) were added simultaneously with mitochondria and incubated for 5 min before substrates addition. In experiments with MnCl 2 and NiCl 2 , EDTA was omitted from incubation medium. Results are expressed as a % of ceramide formed in the presence of palmitoyl-CoA and sphingosine, and represent the average ±SD *, p<0.05, n=3. Panel A: mitochondria (1 mg/ml) were incubated with 15 µM sphingosine and indicated amounts of palmitate at the conditions described in "Experimental Procedures" for 15 min before the reaction was terminated by addition of ethyl acetate/iso-propanol extraction mixture. Results represent the average ±SD, n=3. In panel B, where indicated 50 µM palmitate, 15 µM sphingosine and 50 µM FB1 (simultaneously with mitochondria) were added to incubation medium. Results are expressed as a % of the ceramide formed in the presence of palmitate and sphingosine, and represent the average ±SD, n=3. Mitochondria (1 mg/ml) were incubated as indicated with 50 µM palmitoyl-CoA, 50 µM palmitate and 15 µM sphingosine under conditions described in "Experimental Procedures" for 15 min before the reaction was terminated by addition of ethyl acetate/iso-propanol extraction mixture. The results represent the average ±SD *, p<0.05, n=3. Rat mitochondrial thioesterase activity was assayed as described in "Experimental Procedures". Traces are corrected for the initial rapid drop in absorbance caused by addition of palmitoyl-CoA, which reflects interaction of this compound with the mitochondrial membranes (96) . Mitochondria (RLM, 1 mg/ml) were incubated as described in "Experimental Procedures" in the presence of 50 µM palmitoyl-CoA and 15 µM sphingosine for 15 min before the reaction was terminated by addition of ethyl acetate/iso-propanol extraction mixture. Where indicated zervamicin IIB (20 µg/ml) was added simultaneously with mitochondria. In experiments were mitochondrial swelling was induced by hypotonic treatment, the medium consist of 10mM HEPES, 5 µM rotenone, and 500 µM EDTA (pH 7.4 adjusted by KOH). Panel A: ceramide production by mitochondria. Panel B: absorbance of mitochondrial suspension at 520 nm. 
